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Abstract
This paper discusses the loads inﬂicted on large oﬀshore wind turbines from sudden and persistent loss of electrical
connection during severe operational conditions. The load case that is discussed is loss of electrical connection during
an extreme operating gust. The sudden loss of generator torque leads to an increase in rotor speed and an emergency
shutdown situation. The load cases are simulated using the time domain aeroelastic code fast, and compared to the
maximum loads the turbine experiences during normal operational conditions. The hydraulic pitch system is modelled
in detail, and the eﬀects of changes in the pitch speed are investigated by varying the dimensions of valves and the
accumulator. The grid fault does not seem to be dimensioning for structural loads on the tower or the blades, but it
would likely be dimensioning for the blade tip deﬂection towards the tower in the case of a downwind turbine.
c© 2012 Published by Elsevier Ltd.
Keywords: Wind turbine control, hydraulic pitch system, grid fault, aeroelastic simulation
1. Introduction
The European Union has put forward an ambitious goal of reaching 20 % renewable energy within 2020.
To reach this goal, wind energy is regarded as the most promising technology, but because of visual impact,
noise and space constraints, a large share of future wind power installations will be in oﬀshore wind parks.
Although there are some technical issues still to be solved, the real key parameter that will decide if the
ambitious targets for wind power penetration will be achieved is the cost of energy. To keep the cost of
energy down when moving the turbines into deeper waters and further from shore it is important to reduce
the maintenance requirements, to avoid over-engineering the structures and, if possible, to reduce the loads.
This paper investigates the potential to reduce loads in ultimate limit state (uls) on oﬀshore wind turbine
substructures through modiﬁcations of the pitch system design and the pitch hardware. This focus was
motivated by an interesting observation: There are numerous papers discussing the load reduction potential
of an improved controller using the same pitch hardware, but the authors were not able to ﬁnd one single
paper discussing the load reduction potential of improved pitch hardware. Improved control software can
of course be a very cheap way of reducing the loads, perhaps explaining this unilateral focus, but pitch
hardware is also a small part of the total turbine cost, and it is the pitch hardware that will set the constraints
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Fig. 1. Description and layout (left) and key ﬁgures (right) of the wind turbine conﬁguration that is basis for the analyses.
for the control software. Wind turbine pitch systems are usually modelled in a simpliﬁed manner. Because
the pitch speed under normal operation is relatively slow, it can be suﬃcient in time domain simulations to
model the pitch system as a low-pass ﬁlter, which has been shown to be a good approximation for small
pitch amplitudes [1]. To properly account for nonlinear eﬀects that are important during large pitch strokes,
like an emergency shutdown, it was decided to represent the pitch system by a more detailed, nonlinear
model, which is developed in section 2.
The wind turbine that is considered in this paper is a ﬁctitious 10 MW machine, with key parameters as
presented in ﬁg. 1. The turbine conﬁguration is with a monopile foundation in a moderate water depth of
30 m. The depth is realistic for UK round 3 locations and at the same time on the limit of where monopiles
are economically feasible [2]. Normally for monopiles, the natural frequency is dimensioning for the pile
diameter, fatigue or buckling is dimensioning for wall thickness and overturning moment from uls load cases
is dimensioning for the pile penetration depth [3]. The design standards [4–6] for oﬀshore wind turbines
list a large number of uls load cases, but for this speciﬁc application we know that the most interesting load
cases are the ones that will give a large overturning moment, either from wave loads or aerodynamic thrust.
In this preliminary study it was chosen to focus on dlc 2.3, which has a large potential to be dimensioning
for the overturning moment. In this load case, the electrical connection is lost during an extreme operating
gust (eog), and the combination of turbine speed-up and the increased wind speed will induce severe thrust
forces on the rotor. The magnitude of these forces will depend on the properties of the pitch system and the
implementation of emergency shutdown procedures. The question is if it is possible to design these systems
to keep the ultimate loads within the range the turbine experiences under normal operation. The load cases
are discussed in section 3 and the results are compared in section 4.
2. Modelling and dimensioning of the pitch system
A possible realization of a hydraulic pitch system is outlined in the circuit diagram in ﬁg. 2. The eﬀective
cylinder cross-sectional areas A and B are not equal, because of the piston shaft, and this will generally give
diﬀerent velocities on ingoing and outgoing strokes. To achieve high pitching velocities in both directions a
regenerative circuit is suggested where oil can ﬂow from B to A on outgoing strokes. In this conﬁguration,
equal speed of operation is achieved when the shaft cross-section is half the cylinder area. The system is
designed for fail-safe operation: If the electrical power is lost, the emergency valve will be pushed to the
right position and the two pilot operated check valves, a and b, will open: One admitting high pressure oil
from the accumulator to side A and the other admitting oil from B to the low pressure tank. Because the
emergency pitch system operates independent of the servo valve, it is possible to achieve higher pitch speed
in an emergency situation than during normal operation.
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Fig. 2. Geometry (left) and circuit diagram (right) of a hydraulic pitch system with fail-safe operation. Modiﬁed from the system in [1].
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Fig. 3. Servo valve ﬂow characteristics (left) and controller characteristics with dead-band compensation (right).
2.1. Hydraulic modelling
The actuator is modelled as two independent ﬂuid volumes where the state variable is the absolute
pressure p. The change in pressure, dp, is found from the change of container volume V , net ﬂow Q into
the volume and the eﬀective compressibility β. For the two volumes respectively this gives:
dpA = (QA − x˙AA)β/VA(x) dpB = (QB + x˙AB)β/VB(x) (1)
Here the volumes Vi also includes the end volumes on each side of the cylinder. The accumulator dynamics
are modelled using the equation of state for polytropic processes:
pa(t) = p0
(
V0/
(
V0 −
∫
Qdt
))1.2
(2)
The ﬂuid volumes are separated by valves, and the ﬂow through a valve is assumed proportional to the
square root of the pressure diﬀerence between the volumes:
Qvalve = Kvalve
√
Δp (3)
The valve ﬂow coeﬃcient for the electrohydraulic proportional valve depends on the slide position. A typical
valve characteristic is shown in ﬁg. 3 as a function of the control voltage. To reduce the leakage ﬂows in the
closed position the valve must have some overlap, which causes the dead-band characteristics in the centre.
To maintain the responsiveness of the servo system, a dead-band compensation can be added as shown in
the controller gain in ﬁg. 3.
2.2. Pitch system dimensioning
A possible geometric layout of the hydraulic pitch actuator is shown in ﬁg. 2. The simplest manufactur-
ing and the easiest mounting is achieved if the cylinder pivots about its end and is pinned approximately at
the blade root diameter, but this will require a very long cylinder. A shorter stroke length is achieved if the
pivot point of the actuator is moved away from the end, but the mounting may become more complex. As
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Fig. 4. Wind and rotor speed (left) and blade pitch angle with pitching moments (right) during an eog with loss of grid after 134 s. The
pitch system is assumed to have backup power supply, so there is a controlled pitch actuation and no emergency shutdown.
a compromise it was chosen to have the cylinder pivot at its centre. The actuator is most eﬀective when the
piston force is perpendicular to the torque arm, and to achieve maximum pitching torque at zero pitch, the
layout in ﬁg. 2 was chosen. In this conﬁguration, the shortest possible cylinder length that allows a 90◦pitch
can be found as
LC,min = 1/4 RF
(
1 +
√
17
)
(4)
and the relation between pitch angle θ and the stroke length x is
x(θ) =
√
R2P + R
2
F − 2RPRF cos(α + θ) − LC/2 (5)
Some of the load bearing capacity of the regenerative cylinder has been traded for speed of operation com-
pared to a conventional double-acting cylinder, and the maximum capacity can be found as Fmax = pAshaft.
However, because the force angle γ reduces with θ, the maximum torque bearing capacity reduces to
Mmax(θ) = FmaxRF sin(γ) = FmaxRF(LP sin(α + θ))/(LC + x) (6)
The maximum torque capacity will deﬁne the maximum pitch acceleration of a blade with a certain moment
of inertia Jθ when subject to an external pitching moment, caused by gravity and aerodynamic forces. The
most challenging load case for the pitch system is the eog with grid fault, as we already have discussed,
so Mmax must be dimensioned according to this. The eog has an initial drop in wind speed before a large
increase as shown in ﬁg. 4. If the eog occurs at a wind speed just above rated, the turbine will pitch down
towards zero initially, before a large pitch towards feather is demanded. The initial pitch reduction will
induce a large positive pitching moment that will work against the subsequent feathering, and if the grid
connection is lost at the point where the blade is about to start feathering again there will be both a large
adverse pitching moment and a large demand for pitch acceleration at the same time.
The maximum external pitching moment is found in ﬁg. 4 as approximately 250 kNm. The exact demand
for pitch acceleration is diﬃcult to decide, and generally it will be a compromise between performance and
cost. For this preliminary study, a cylinder diameter of 20 cm is chosen. With a standard system pressure of
250 bar and the pitch inertia from ﬁg. 1, we achieve a maximum pitch acceleration of 2.2◦/s2 at maximum
external pitching moment or 5.8◦/s2 at zero external pitching moment. Further, a cylinder length LC of
2.0 m was assumed to be realistic for the wind turbine in question. This gives a torque arm RF of 1.56 m
according to equation 4 and a pin radius RP of 1.85 m.
The pitch speed does also depend on the ﬂuid ﬂows through the slide valve. These are governed by
the ﬂow constant and the pressure diﬀerence according to equation 3, and will thus vary for diﬀerent loads
and even for diﬀerent load histories due to the nonlinear accumulator dynamics. The baseline slide valve
conﬁguration is dimensioned to allow a complete stroke in 10 s with 100 bar pressure diﬀerence. This
corresponds to a maximum pitching speed of 7.3◦/s at zero pitch angle, which is comparable to 8◦/s as
speciﬁed for the nrel 5 MW wind turbine [7].
40   Lars Frøyd and Ole G. Dahlahug /  Energy Procedia  24 ( 2012 )  36 – 43 
     


	

	






     


	

	






Fig. 5. Simulation of the hydraulic pitch response (thin black line) for a sinus (left) and a square wave (right) reference signal.
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Fig. 6. Control system performance from aeroelastic simulations of normal operation. Power curve (left) and blade pitch angles (right).
The pitch system with the characteristics developed above is simulated for a sinus and a square wave
reference signal in ﬁg. 5. The pitch system is both responsive and well damped, as it avoids overshooting
even at a step response of 10◦. Note that the pitch response shown here only demonstrates the properties
of the hydraulic system and ability to follow the pitch reference. The pitch reference is set in a turbine
control loop with variable speed operation and a standard proportional-integral pitch controller on the form
from [7]. The performance of the complete system is demonstrated in ﬁg. 6 for stochastic wind and wave
loads.
3. Load cases
The maximum tower bending moment is a large cost driver for monopiles, so this was chosen as the
main parameter to investigate. The eog loads were evaluated at the rated wind speed, as shown in ﬁg. 4,
because this gives the highest thrust. All loads cases were simulated using the aeroelastic code fast with
the controller and the pitch system modeled in Simulink. The eog simulations do not include wave loads,
because it is not trivial to combine stochastic load contributions like those from waves with a prescribed
wind event in a consistent way: The turbine operates frequently around rated wind speed so severe load
combinations are likely to occur. Grid fault is a much rarer event, and combining this with a severe wave
could be very conservative. The design standards do, however, specify a sea state for this load case, but this
was not included in the present study to simplify the comparison between the diﬀerent pitch conﬁgurations.
3.1. Operational conditions with turbulent wind and irregular waves
Normal operational conditions in turbulent winds was chosen as the base case for comparison of the
structural loads. Each mean wind speed from 5 to 25 m/s was simulated for 3600 s, with and without waves.
The waves were linear, irregular waves with a signiﬁcant wave height as a function of the wind speed, as
speciﬁed in the UpWind design basis [8, part B]. The pitch system was in the baseline conﬁguration with a
100 l accumulator and 10 s pitch time. In ﬁg. 7, the mean, maximum and standard deviation of the tower
base bending moment is shown for the two cases, together with an example time series. The maximum
load events occur in distinct spikes when the blades pitch fast from feathered position towards zero. A high
 Lars Frøyd and Ole G. Dahlahug /  Energy Procedia  24 ( 2012 )  36 – 43 41
       



  	














 










     















 

 !
Fig. 7. Mean, maximum and standard deviation of the tower base bending moment (left) and an example time series (right).
pitch velocity is not critical in this situation, and it should be possible to reduce these spikes considerably
by tuning of the pitch controller gains.
3.2. EOG with loss of grid connection
If there is a complete loss of grid connection, and no backup power supply for the pitch system, the
turbine will perform an emergency shutdown. The pitch speed will in this case depend on the check valve
characteristics and the capacity of the accumulator. If there is a large accumulator capacity, the speed of
actuation will be fairly constant throughout the stroke. If there is a small accumulator capacity, the speed
can be high initially, but will reduce as the accumulator pressure reduces. Another option is to provide
emergency power through an uninterruptible power supply (ups). With emergency power can the blades
be pitched in a controlled manner using the servo valve instead of the check valves. This gives better
possibilities to control the pitch speed throughout the stroke, but it requires a larger and more expensive servo
valve if higher pitch velocities are needed than during normal operation. A slide valve is more expensive
than a check valve with similar ﬂow capacity. The eog with grid fault was simulated with diﬀerent valve
sizes for the three diﬀerent cases: The baseline accumulator (100 l), a small accumulator (10 l), and with a
ups. An eog without a grid fault was also included for comparison.
An example of time domain responses for the diﬀerent cases are shown in ﬁg. 8. We see that the fail-safe
emergency shutdown mechanism pitches the blades quickly towards full feather, but the pitch speed reduces
earlier with the smaller accumulator. With a ups the turbine can continue measuring the rotor speed and
is able to arrest the rotor over-speed without pitching to full feather and stopping the turbine abruptly (see
also ﬁg. 4). Without grid fault, the controller simply acts on the rotor over-speed and returns quickly to zero
pitch after the gust and when the tower vibrations are damped out. Looking at the tower bending moments
we see that the largest peak occurs for the eog without grid fault, this will be explained in section 4. Further
we see that the tower experiences large negative bending moments in the cases with grid fault, especially
without the ups. The reason for this is that fast pitching to high pitch angles causes negative angles of attack
on the blades, pulling the blades and the tower forward. If the blades pitch too fast, this negative moment
may exceed the positive moment, giving excessive loads on the turbine.
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Fig. 8. Example of the hydraulic pitch response (left) and tower bending moment (right) for diﬀerent pitch control conﬁgurations.
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Fig. 9. Maximum tower bending moments at the mud line (left) and maximum rotor speed (right) for diﬀerent control conﬁgurations.
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Fig. 10. Maximum negative blade root bending moments (left) and corresponding negative blade tip deﬂections (right).
4. Comparison of results
The maximum tower bending moments are shown for diﬀerent valve and accumulator conﬁgurations in
ﬁg. 9. With a ups, the maximum bending moment depends almost linearly on the speed of actuation, and
consequently also the cost of the pitch system. It is possible to keep the maximum moment at a similar level
in the fail-safe pitch systems due to the fast initial response, but the loads will be dominated by negative
bending moments if the pitch is too fast, as discussed earlier, causing the kinks in the graphs. Further
reduction is possible with a smaller accumulator because the pitch speed reduces throughout the stroke (see
ﬁg. 8), and this allows a higher initial speed before the negative bending moment takes over. Reducing the
maximum bending moment will still require larger capacity check valves, and a smaller accumulator may
also require a larger pump capacity. Despite the reduced bending moment is the potential for cost savings
with this strategy small, because the maximum bending moment is dominated by the eog without fault. The
reason for that is this the larger over-speed during a grid fault (see ﬁg. 9) gives reduced angles of attack of
the blades and consequently smaller thrust. The loads from the regular eog do also have a linear dependency
on the speed of actuation. This means that the ultimate loads can be reduced, but even a small reduction
would require considerable increase in the pitch system dimensions to allow the higher pitch velocities.
The only structural response that appears to be dominated by the grid fault is the negative ﬂapwise blade
bending moment and corresponding negative tip deﬂections, as shown in ﬁg. 10. Negative means here out of
the rotor plane towards the wind direction. The magnitude is quite similar to the positive bending moment,
but because the blade is asymmetric and made of composite material, where the properties in tension and
compression are diﬀerent, this might have a small inﬂuence on the design criteria. For a downwind turbine
could the negative tip deﬂection be dimensioning for the blade stiﬀness and tower clearance, because this
would correspond to the blades being deﬂected towards the tower. One of the potential beneﬁts of downwind
turbines is that the blades can be made softer and lighter because they presumably will not conﬂict with the
tower, except apparently in the case of a grid fault. An alternative way of dealing with a grid fault could be
to use a dump load, which basically is a large array of resistors capable of maintaining the electric torque
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for a certain length of time before they overheat. A dump load has little potential to reduce the maximum
tower bending moment, as this occurred in the eog without fault, but it can have a large potential to reduce
the negative blade deﬂection in ﬁg. 10. We see that with the combination of a dump load (in this example
dimensioned for ﬁve seconds of rated power) and a ups, it is possible to considerably reduce this deﬂection,
which could otherwise be cost driving for downwind turbines.
5. Conclusion
The hydraulic pitch system of a large wind turbine has been modelled in detail. The detailed modelling
makes it possible to simulate realistic pitch actuator motions when subject to varying external conditions,
and it allows the eﬀects of changes in the pitch speed to be investigated in a consistent manner by varying
physical properties of the pitch system like the dimensions of slide valves and check valves or the volume
of the accumulator.
The loads during an emergency shutdown depend heavily on the pitch velocity, and both too high or
too low velocities will increase the bending moments in the tower and foundation. A fast initial response
and subsequent speed relaxation gives the smallest loads, and this can be achieved with a ups to provide
backup power for controlled shutdown. It has been showed that the loads can be kept at a similar level also
without a ups if the hydraulic components are properly dimensioned. This requires a smaller accumulator,
but a larger pump capacity and consequently also increased power consumption and cost of the hydraulic
unit. The hydraulic pitch system can be designed for fail-safe operation and with inherent redundancy due
to individual actuation of each blade.
The maximum tower bending moment was, however, not dominated by the loads during grid fault, but
rather by the loads during an eog without fault and by loads during operation. The maximum loads during
operation occurred when the blades were pitched unnecessarily fast from feathered position towards zero, so
these loads can probably be signiﬁcantly reduced by tuning the control system. It is also possible to reduce
the loads from the regular eog, but even a small reduction in the bending moment requires a considerable
increase in the dimensions (and cost) of the hydraulic components in the pitch system.
The only structural load that appears to be dominated by the grid fault is the negative ﬂapwise blade
bending moment. This is not likely to be dimensioning for the blade or the hub, as it is similar in magnitude
to the positive blade bending moments that occur, but they should be taken into consideration as the blades
are asymmetric and made of composite materials. The negative ﬂapwise bending moment also causes a neg-
ative tip deﬂection of the blade. This would normally not be problematic, except in the case of a downwind
turbine, where this would mean a deﬂection towards the tower. It was shown that large reduction of this
deﬂection could be achieved using a combination of dump load and backup power through a ups.
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